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Src family protein-tyrosine kinases are implicated in signaling via glycosylphosphatidylino-
sitol (GPI)-anchored receptors. Both kinds of molecules reside in opposite leaflets of the same
sphingolipid-enriched microdomains in the lymphocyte plasma membrane without making
direct contact. Under detergent-free conditions, we isolated a GPI-enriched plasma mem-
brane fraction, also containing transmembrane proteins, selectively associated with sphin-
golipid microdomains. Nonionic detergents released the transmembrane proteins, yielding
core sphingolipid microdomains, limited amounts of which could also be obtained by
detergent-free subcellular fractionation. Protein-tyrosine kinase activity in membranes con-
taining both GPI-anchored and transmembrane proteins was much lower than in core
sphingolipid microdomains but was strongly reactivated by nonionic detergents. The inhib-
itory mechanism acting on Lck and Fyn kinases in these membranes was independent of the
protein-tyrosine phosphatase CD45 and was characterized as a mixed, noncompetitive one.
We propose that in lymphocyte plasma membranes, Lck and Fyn kinases exhibit optimal
activity when juxtaposed to the GPI- and sphingolipid-enriched core microdomains but
encounter inhibitory conditions in surrounding membrane areas that are rich in glycero-
phospholipids and contain additional transmembrane proteins.

INTRODUCTION

In contrast to transmembrane glycoproteins, surface
molecules inserted into the plasma membrane via a gly-
cosylphosphatidylinositol (GPI)1 membrane anchor are

confined to the outer leaflet of the plasma membrane
and do not directly communicate with the cell interior
(Low, 1989). However, several GPI-anchored proteins
have been shown to be potent signal transducers, be-
cause their cross-linking leads to increased protein-ty-
rosine phosphorylation, calcium fluxes, gene expression,
and cell activation and/or proliferation (Robinson, 1991).
GPI-anchored proteins such as neurotrophic factor re-
ceptors transduce signals by ligand-induced interactions
with transmembrane receptor protein-tyrosine kinases
(PTKs) (Massague, 1996), whereas other GPI-anchored
molecules such as CD87 (uPAR), CD16B (FcgRIIIB), and
CD14 (lipopolysaccharide receptor) interact with inte-
grins (Petty and Todd, 1996) and appear to signal via
integrin-dependent pathways. For most other GPI-an-
chored proteins, signaling is presumed to require asso-
ciation with sphingolipid microdomains (Romagnoli
and Bron, 1997; Stulnig et al., 1997), and their coprecipi-
tation with Src family PTKs has been documented in
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hematopoietic (Stefanova et al., 1991), epithelial (Shenoy-
Scaria et al., 1992), and neuronal (Zisch et al., 1995; Kunz
et al., 1996) cells. The molecular nature of this indirect
association between GPI-anchored receptors and Src ki-
nases, however, remains unresolved.

Sphingolipid microdomains are thought to consist
of clusters of sphingolipids that achieve a liquid-or-
dered state in the presence of cholesterol (Ahmed et
al., 1997; Schroeder et al., 1998) and resist solubiliza-
tion by nonionic detergents. Such sphingolipid mi-
crodomains can be isolated as low-density, buoyant
membrane complexes in equilibrium sedimentation
gradients (Brown, 1992) or as membrane vesicles by
gel filtration chromatography (Hoessli and Rungger-
Brändle, 1985; Draberova and Draber, 1993; Cinek et
al., 1995). In cells where caveolae are morphologically
detectable, detergent-resistant membrane domains are
also enriched in caveolin, the caveolar coat protein.
However, recent morphological and biochemical in-
vestigations have provided evidence that sphingolipid
microdomains enriched in GPI-anchored proteins and
caveolin are not identical to caveolae (Schnitzer et al.,
1995; Liu et al., 1997; Doyle et al., 1998). Other obser-
vations suggest that in cells expressing caveolin,
sphingolipid microdomains are located close to caveo-
lae, and some of their components may translocate to
caveolae after interaction with physiological agonists
(Sevinsky et al., 1996) or antibodies (Fujimoto, 1996). In
cells lacking caveolin expression, sphingolipid mi-
crodomains have been difficult to demonstrate mor-
phologically, but biochemical evidence suggests their
importance in signaling through GPI-anchored sur-
face molecules (van den Berg et al., 1995; Stulnig et al.,
1997) as well as certain transmembrane receptors
(Field et al., 1997; Deans et al., 1998). Moreover, in vitro
reconstitution of detergent-resistant membranes has
been achieved by mixing sphingolipids and choles-
terol in suitable proportions (Ahmed et al., 1997;
Schroeder et al., 1998), and single-particle–tracking
studies on whole cells have documented transient con-
finement of GPI-anchored receptors and glycosphin-
golipids in the plane of the membrane (Sheets et al.,
1997; Simson et al., 1998). Very recently, physical and
biochemical studies have demonstrated the existence
of submicron-sized GPI-domains in the plasma mem-
brane (Friederichson and Kurzchalia, 1998; Varma and
Mayor, 1998).

In this study, we have examined the catalytic activ-
ity of the Lck and Fyn kinases in different plasma
membrane fractions from lymphoma cells. We show
that Lck and Fyn kinases appear to be differentially
regulated in different plasma membrane microdo-
mains. This regulation is independent of the mem-
brane-associated CD45 tyrosine phosphatase but de-
pendent on the specific membrane microenvironment
in which the kinases reside.

MATERIALS AND METHODS

Reagents and Antibodies
Triton X-100 (TX-100) was from Merck (Darmstadt, Germany);
NP-40 was from Fluka (Buchs, Switzerland); octylglucoside (OTG)
was from Alexis (San Diego, CA); and 3-([3-cholamidopropyl]dim-
ethylammonio)-2-hydroxy-1-propanesulfonate (CHAPS) was from
Boehringer Mannheim (Mannheim, Germany). HRP-conjugated
cholera toxin (CT) b subunit, enolase, and a-casein were purchased
from Sigma (Buchs, Switzerland), and genistein was from Calbio-
chem (La Jolla, CA). The enhanced chemiluminescence (ECL) re-
agent was from Amersham (Little Chalfont, Buckinghamshire,
United Kingdom).

Rat mAb against murine CD45 (mAb M1/9.3.4HL.2; ATCC
TIB122), Thy-1.2 (mAb 30-H12; ATCC TIB107), and the heat-stable
antigen (HSA) CD24 (M1/69.16.11.HL; ATCC TIB 125) were ob-
tained from the American Type Culture Collection (Rockville, MD)
and used as culture supernatants. Rat anti-murine CD26 hybridoma
(H207.773) was a kind gift from Dr. H.-T. He (Center
d’Immunologie, Institut National de la Santé et de la Recherche
Médicale–Centre National de la Recherche Scientifique, Marseille,
France). Rabbit polyclonal antibodies against Lck and Fyn and
HRP-conjugated goat anti-mouse, goat anti-rat, and goat anti-rabbit
immunoglobulin G were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA).

Isolation of GPI-enriched Membranes by
Equilibrium Density Gradient Centrifugation
The murine T lymphoma cell line P1798 obtained from Litton Bio-
netics (Bethesda, MD) was propagated in syngeneic BALB/c mice as
ascites. Cells were washed in cold PBS twice and once in TKM buffer
(50 mM Tris-HCl, pH 7.4, 25 mM KCl, 5 mM MgCl2, and 1 mM
EGTA). The cell pellet was resuspended in TKM buffer containing
73% (wt/vol) sucrose and protease inhibitors leupeptin (1 mM),
aprotinin (2 mg/ml), and Pefabloc SC (2 mM) (all from Boehringer
Mannheim) at the ratio of 5 ml/109 cells. The cell suspension was
homogenized using a motor-driven Potter-Elvehjem homogenizer
(Kontes, Vineland, NJ) with a tight-fitting pestle. Aliquots of sucrose
homogenate equivalent to 150 3 106 cells were incubated without or
with various detergents at the indicated final concentrations for 20
min on ice; sucrose concentration was adjusted to 40% (wt/vol) in
the final volume of 2.0 ml and subjected to equilibrium density
gradient centrifugation as described earlier (Ilangumaran et al.,
1996) and illustrated in Figure 1, A and B. Briefly, the homogenates
were placed at the bottom of SW41 tubes (Beckman Instruments,
Nyon, Switzerland), overlaid with 6.0 ml of 36% (wt/vol) sucrose
followed by 3.0 ml of 5% (wt/vol) sucrose in TKM buffer, and
centrifuged at 38,000 rpm (250,000 3 g) for 16–20 h at 4°C. One-
milliliter fractions were collected from the top, numbered 1–11, and
stored at 220°C. Alternatively, the buoyant membranes forming a
visible band at the 5–36% sucrose interface were collected, pooled,
and stored at 220°C. The methodology and terminology used in
this study are given in Figure 1, A and B. Alternatively, the same cell
homogenate was centrifuged in a three-step sucrose gradient to
obtain “light” and “heavy” membranes (Arni et al., 1996), as de-
picted in Figure 1C.

Detection of Cell Surface and Intracellular
Molecules
Various cell surface and intracellular proteins in the density gradi-
ent fractions were evaluated by Western blotting. Twenty microli-
ters of the gradient fractions were directly solubilized in 63 nonre-
ducing SDS-PAGE sample buffer for the detection of cell surface
antigens or in reducing sample buffer for intracellular kinases. Pro-
teins separated using a minigel apparatus (Bio-Rad, Richmond, CA)
were transferred to nitrocellulose (NC) filters (Schleicher & Schuell,
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Dassel, Germany). Alternatively, proteins were detected by dot
immunoassay as described previously (Ilangumaran et al., 1996).
Briefly, 10 ml of the gradient fractions were dotted onto NC filters in
a 200-ml volume using a Bio-Rad dot blot apparatus. After blocking
with Tween 20–Tris-buffered saline (TTBS; 10 mM Tris-HCl, pH 7.4,
100 mM NaCl, and 0.1% Tween 20) containing 5% low-fat dry milk
powder (TTBS-5% MP), the Western- and dot-blotted filters were
incubated with antibodies in TTBS-1% MP for 60 min. After three
washes in TTBS, the filters were incubated with appropriate HRP-
conjugated second antibodies. After thorough washing, the filters
were developed with the ECL reagent and exposed to Eastman
Kodak (Rochester, NY) X-Omat S film. CT binding to membrane-
associated ganglioside GM1 in the gradient fractions was evaluated
by incubating the dot-blotted NC filter strips, after blocking in 5%
MP-TTBS, with HRP-conjugated CT in 1% MP-TTBS at 1:20,000
dilution. After washing in TTBS the filters were developed with the
ECL reagent. The luminograms were quantitated using a laser scan-
ning densitometer (Molecular Dynamics, Sunnyvale, CA).

In Vitro Kinase Assays
To measure the total kinase activity, 0.5 ml of the pooled GPI-
enriched membranes (fractions 3–5; corresponding to ;25 3 106)
was diluted at least fivefold with TKM buffer and centrifuged at
250,000 3 g for 4–6 h. The sedimented membranes were suspended
directly in 25 ml of kinase buffer (20 mM MOPS, pH 7.4, and 10 mM
MgCl2). Kinase assay was set up in a final volume of 50 ml and
initiated by the addition of 5 mCi of [g-32P]ATP (Amersham, 5000
Ci/mmol) in 5 ml of kinase buffer. For cold kinase assays, unlabeled
ATP was added to the final concentration of 50 mM. In some
experiments 2.5 mg of acid-denatured enolase or a-casein were
included in the same volume of reaction mixture. To measure the
kinetics of enolase phosphorylation, varying amounts of enolase
were added in the same reaction volume but containing [g-32P]ATP
of low specific activity (Amersham, 3 Ci/mmol). After incubation
for 15 min at 25°C, the reaction was stopped by the addition of 63
sample buffer and boiling. Phosphorylated proteins separated in
5–20% gradient gels or 10% minigels were fixed in 10% trichloro-
acetic acid for 30 min and washed in 10% methanol:10% acetic acid
solution for 6–12 h with several changes before drying and autora-
diography. Phosphotyrosylated proteins were detected with 4G10
anti-phosphotyrosine mAb (Upstate Biotechnology, Lake Placid,
NY) on Western blots.

For measuring kinase activities in membrane vesicles with Thy-1
or Lck exposed on the vesicle surface, 1 ml of the GPI-enriched
membrane pool was diluted twofold with TKM buffer and pre-
cleared with 100 ml of Pansorbin (Calbiochem) for 30–60 min at 4°C
with constant mixing. After the addition of anti-Thy-1 (100 ml of
culture supernatant) or anti-Lck (10 ml) antibodies, the samples were
incubated for 1 h at 4°C. After adding 25 ml of protein A/G-agarose
beads preblocked with BSA (Santa Cruz Biotechnology), the sam-
ples were incubated for a further 4–16 h at 4°C with gentle mixing.
The immune complexes were sedimented, washed three times in
TKM buffer and once in kinase buffer, and subjected to kinase assay
as described above. To test the effects of lipids, purified lipids were
dried under N2 and added either as TX-100 mixed micelles, or in
some cases as sonicated lipid vesicles in the absence of any deter-
gent, to the membrane preparations and incubated for 15 min at
30°C before initiation of the kinase reaction.

Characterization of the In Vitro Phosphorylated
Proteins

Immunoprecipitation. After in vitro phosphorylation on TX-100-
treated GPI-enriched membranes, SDS was added to the reaction
mixture to a final concentration of 0.2% and incubated at room
temperature for 15 min. After 10-fold dilution with TKM buffer
containing 0.5% TX-100, the samples were precleared with Pan-

sorbin for 30 min at 4°C. Anti-Lck or anti-Fyn antibodies were
added, and the samples were incubated on ice for 30 min. The
immune complexes were collected onto protein A/G-agarose beads
and washed, and the phosphoproteins were eluted by boiling in
sample buffer and analyzed by SDS-PAGE as described above.

Base Hydrolysis. Phosphorylation on Tyr residues was distin-
guished from that on Ser and Thr residues by the sensitivity of the
latter to base hydrolysis (Kamps and Sefton, 1989). In vitro–phos-
phorylated proteins were transferred to polyvinylidene difluoride
(PVDF) membrane filters (Bio-Rad). After obtaining an autoradio-
gram, the blot was treated with 1 M KOH for 1.5 h at 55°C, rinsed
with TTBS, and exposed to reveal alkali-resistant phosphorylations.

Phosphoamino acid Analysis. After in vitro kinase assay on TX-
100-treated GPI-enriched membranes, the proteins were transferred
to a PVDF membrane and exposed to x-ray film, and the labeled
phosphoprotein bands were cut out. The proteins were hydrolyzed
in 5.7 N HCl for 2 h, and the hydrolysate was dried in a SpeedVac
concentrator (Savant Instruments, Holbrook, NY), resuspended in
10 ml of water containing 1 mg/ml of standard phosphoamino acids
(P-Ser, P-Thr, and P-Tyr), and separated by TLC (Munoz and Mar-
shall, 1990). After three cycles of separation, the plate was dried and
exposed to x-ray film. Positions of the labeled phosphoamino acids
were determined with regard to the ninhydrin-stained standards.

Lipid Analysis
Whole cells, membrane vesicles, or TX-100–treated membranes
were extracted in chloroform:methanol:pyridine:water (60:30:1:6 by
vol) for 48 h at 50°C and analyzed by TLC as described earlier (Arni
et al., 1996).

RESULTS

Isolation of GPI-enriched Plasma Membranes in the
Absence and Presence of Detergents
GPI-enriched membrane vesicles from P1798 murine T
lymphoma cells were isolated under detergent-free
conditions by homogenization in dense sucrose solu-
tion followed by isopycnic density gradient centrifu-
gation, as shown in Figure 1A. Five percent of the
cellular proteins floated up to densities expected for
plasma membranes, and the bulk of the remainder
was recovered in the lower-most fraction 11 and pel-
let. The GPI-anchored proteins Thy-1 and HSA were
enriched in buoyant membrane fractions 3–5 at the
36–5% sucrose interface (Table 1) and will be referred
to as “untreated GPI-enriched membranes.”

We then examined how different detergents affect
the recovery of membrane molecules in GPI-enriched
membrane fractions by treating the cell homogenate
before gradient centrifugation (Figure 1B). In addition
to GPI-linked and transmembrane glycoproteins and
intracellular kinases, we also followed the distribution
of GM1 ganglioside in the density gradient fractions
(Table 1). The proportion of buoyant Thy-1, HSA,
CD26, and GM1 in fractions 3–5 (top) remained un-
changed or increased after treatment with TX-100,
NP-40, or CHAPS. On the other hand, OTG dissoci-
ated .50% of HSA and 30% of GM1 from the top
fractions but did not affect the Thy-1 density distribu-
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tion. Detergent treatment in general decreased the
amounts of transmembrane type I CD45 recovered in
the GPI-enriched buoyant fractions, whereas the re-
covery of type II transmembrane protein CD26, Lck, or
Fyn was not significantly altered. A higher detergent-

to-cell ratio dissociated more CD45, but not CD26 or
the kinases, from the buoyant fractions (Ilangumaran
et al., 1997). Only OTG moderately dissociated Lck.
These results show that the association of GPI-linked
proteins and membrane-associated intracellular PTKs

Figure 1. Methodology and ter-
minology used in this study.
P1798 murine T lymphoma cells
(109) were homogenized in TKM
buffer containing 73% (wt/vol)
sucrose. Aliquots of the cell ho-
mogenate (equivalent to 150 3
106 cells), treated with detergent
or left untreated at 4°C for 20 min,
were adjusted to 40% (wt/vol) su-
crose and subjected to equilib-
rium density gradient centrifuga-
tion. One-milliliter fractions
collected from the top and frac-
tions 3–5 enriched for the GPI-
anchored proteins were pooled,
or the GPI-enriched floating
membranes visible as a light-scat-
tering band at the 5–36% sucrose
interface were collected directly
(;3 ml) and stored at 220°C until
use. (A) Untreated GPI-enriched
membranes. (B) Detergent-treated
GPI-enriched membranes. (C)
Subcellular fractionation of the
cell homogenate from 1–2 3 109

cells was carried out to obtain
plasma membrane fractions with
specific gravity of 1.034–1.09
g/ml (light membranes) and
1.09–1.136 g/ml (heavy mem-
branes) as described previously
(Hoessli and Rungger-Brändle,
1983; Arni et al., 1996). The most
frequently used terms are boxed.

Table 1. Effects of various detergents on the floatability of cell surface and intracellular membrane-associated molecules

Detergent

Thy-1 HSA CD45 CD26 Lck Fyn GM1

Top Bot Top Bot Top Bot Top Bot Top Bot Top Bot Top Bot

None 68 16 86 8 48 30 69 24 48 41 27 55 68 13
TX-100, 1% 70 12 87 6 23 40 51 25 41 34 35 43 62 12
NP-40, 0.5% 66 10 91 4 38 53 56 24 46 37 38 48 61 14
CHAPS, 20 mM 84 2 98 2 19 62 47 28 44 39 50 38 79 6
OTG, 60 mM 63 15 42 48 25 59 49 31 31 51 27 54 50 26

Aliquots of P1798 cell homogenate in 73% sucrose, equivalent to ;150 3 106 cells, were treated with various detergents at the indicated
concentrations or left untreated at 4°C for 20 min. After density gradient centrifugation as described in Figure 1, 1-ml fractions were collected,
and 10 ml of each fraction from all the six gradients were analyzed by the ECL-based dot immunoassay for the indicated cell surface proteins,
intracellular PTKs, or CT-binding ganglioside GM1, as described earlier (Ilangumaran et al., 1996). The luminograms were quantitated by
laser scanning densitometry, and the amount in top (fractions 3–5) and bottom (Bot, fractions 9–11) fractions are represented as percentage
of the sum of all fractions. The data shown are representative of two independent experiments.
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with low-density membrane lipids are relatively resis-
tant to most of the detergents used except OTG. The
presence of GM1 ganglioside in the low-density frac-
tions was also unaffected by detergents, except OTG,
which has been reported to perturb interactions be-
tween sphingolipids (Melkonian et al., 1995).

Kinase Activities in GPI-enriched Membranes Are
Markedly Enhanced after Detergent Treatment
The total protein profile of the pooled floating frac-
tions showed marked quantitative and minor qualita-
tive differences in various detergent-treated mem-
brane samples (Figure 2A). However, Western blot

detection showed comparable amounts of Thy-1, Lck,
and Fyn in all detergent-treated membranes (Figure
2B), and .90% of these proteins were recovered in the
250,000 3 g membrane pellet (our unpublished re-
sults). Therefore, the kinase activities were measured
in GPI-enriched membranes sedimented from 0.5 ml
of pooled fractions 3–5, corresponding to 2.5 3 107

cells.
Total phosphotransferase assays on sedimented

GPI-enriched membranes revealed strong phosphory-
lation of 40-, 58-, 59-, 60-, 80- to 85-, and 120-kDa
proteins in TX-100–treated membranes (Figure 2C);
longer exposure showed that most of these proteins
were also phosphorylated in the untreated mem-
branes, although much less efficiently (Figure 2C, right
panel). NP-40– and CHAPS–treated membranes
showed elevated kinase activities comparable to that
of TX-100–treated ones (Figure 2C) but contained sig-
nificantly more proteins (Figure 2A). OTG extraction
dissociated most proteins from the buoyant mem-
branes (Figure 2A) without loss of the kinases or their
protein substrates (Figure 2C). Addition of detergents
(at 1⁄10 of the concentration added to the cell homoge-
nate before gradient centrifugation) directly to the
untreated GPI-enriched membranes enhanced the ki-
nase activities in a similar manner (see Figure 5 and
our unpublished results). The anti-phosphotyrosine
blot showed that hyperphosphorylated bands (Figure
2D, arrowheads) corresponding to Src family PTKs
(see Figure 4A) appear after an in vitro phosphotrans-
ferase assay using cold ATP only in the TX-100–
treated membranes but not in untreated membranes
(Figure 2D).

These results suggested that the observed differ-
ences in kinase activities between untreated and
detergent-treated GPI-enriched membranes are
likely to result from modifications of the membrane
environment caused by detergents. A direct effect of
the detergents on the catalytic activity on the ki-
nases is unlikely because all detergents tested influ-
enced the membrane-associated tyrosine kinases
only when used at a concentration above their crit-
ical micelle concentration in an all-or-none manner
(our unpublished results). In case of a direct effect of
the detergent on kinase activity, a dose-dependent
increase in enzymatic activity would be expected
with increasing detergent concentration, which was
not the case.

It could be envisaged that the elevated kinase activ-
ities in detergent-isolated, GPI-enriched membranes
were due to facilitated access of the ATP substrate to
the intravesicular kinases rather than an increase in
phosphotransferase activity per se. The marked differ-
ences in the effects of various detergents on the mem-
brane-associated kinase activities (Figure 2C) already
argue against this possibility, because all detergents at
the concentration used (above their critical micellar

Figure 2. Kinase activities in GPI-enriched membranes isolated
using different detergents. Buoyant, GPI-enriched membranes (0.5
ml, equivalent to ;25 3 106 cells) from the same cell homogenate,
untreated (None) or after treatment with indicated detergents (1%
TX-100, 60 mM OTG, 0.5% NP-40, or 20 mM CHAPS), were diluted
in TKM buffer, and the GPI-enriched membranes sedimented at
250,000 3 g for 4 h were suspended in kinase buffer. (A) Total
protein profile after silver staining. (B) Western blot detection of
Thy-1, Lck, and Fyn in 20 ml of the GPI-enriched membranes shown
in A. (C) Phosphoprotein profile after in vitro phosphorylation in
the presence of [g-32P]ATP as described in MATERIALS AND
METHODS. Phosphorylated proteins were separated in 5–20% SDS-
PAGE gradient gels and detected by autoradiography after 4.5 h of
exposure. For comparison a 20-h exposure of the first two lanes
(none and TX-100) is shown in the right panel. Data representative
of three independent experiments are shown. (D) Western blot
detection of tyrosine-phosphorylated proteins with 4G10 anti-phos-
photyrosine mAb after in vitro kinase assay on untreated and
TX-100–treated GPI-enriched membranes in the absence (2) or
presence (1) of 50 mM cold ATP. The hyperphosphorylated kinase
bands are marked by arrowheads.

Lck and Fyn Activity in Sphingolipid Microdomains

Vol. 10, April 1999 895



concentration values) will permeabilize the vesicles to
ATP equally well. To settle this point, we carried out
kinase assays on membrane vesicles recovered from
solid-phase anti-Lck, corresponding to vesicles in the
inside-out orientation (i.e., containing the kinases on
their exposed leaflet) and compared their activity with
that of right-side-out vesicles isolated on solid-phase
anti-Thy-1 antibodies. The marked quantitative differ-
ence in phosphotransferase activity between the un-
treated and detergent-treated buoyant membranes
was manifest in both inside-out (anti-Lck–selected)
and right-side-out (anti-Thy-1–selected) vesicles.
Much fewer inside-out vesicles were recovered with
anti-Lck, suggesting that GPI-enriched membrane ves-
icles are predominantly in the right-side-out orienta-
tion and are best retained on solid-phase anti-Thy-1.
However, the qualitative differences among the vari-
ous detergent-treated membranes were negligible in
either anti-Thy-1– or anti-Lck–selected vesicles, both
of which showed a very similar pattern of phospho-
proteins (40, 58–60, and 80–85 kDa; Figure 3). The
proportionally stronger labeling of the 80- to 85-kDa
band in anti-Lck–precipitated vesicles suggests an in-
tracellular orientation for this phosphoprotein simi-
larly to Lck. Controls with antibody-free or irrelevant

antibody-bound beads did not show any significant
phosphorylation (our unpublished results).

Characterization of In Vitro–Phosphorylated
Proteins in GPI-enriched Membranes
The 58- to 60-kDa phosphoproteins labeled in the TX-
100–treated GPI-enriched membranes correspond to
hyperphosphorylated species of the major Src family
kinases Lck and Fyn present in murine T lymphoid
cells (Figure 4A). Anti-Lck precipitated the 58- to 59-
kDa doublet of hyperphosphorylated kinase, whereas
anti-Fyn collected the 60-kDa protein in association
with the 40- and 80- to 85-kDa phosphoproteins, an
interaction that had apparently resisted the SDS solu-
bilization after the kinase assay on GPI-enriched mem-
branes. We next analyzed the sensitivity of the in
vitro–phosphorylated proteins to base hydrolysis. Af-
ter kinase assay on TX-100–isolated membranes, the
phosphoproteins were transferred and autoradio-
graphed before and after treatment with 1 M KOH. As
shown in Figure 4B, the radiolabel incorporated into
Src family PTKs was resistant, whereas that in the 40-
and 80- to 85-kDa phosphoproteins was alkali sensi-
tive. Longer exposures also revealed a weak alkali-
resistant signal on the 80- to 85-kDa protein (our un-
published results). Phosphoamino acid analysis of the
bands corresponding to 80–85, 58–60, and 40 kDa
confirmed these results (Figure 4D). Interestingly, in
addition to the 32P label incorporated in serines and
threonines, the 80- to 85-kDa protein contained a sig-
nificant amount of the 32P label in Tyr residues, which
appeared to be alkali sensitive (Figure 4B). Significant
amounts of phospho-Ser and -Thr were also present
on bands corresponding to the Src kinase region. To-
gether, these results show that the 58-, 59-, and 60-kDa
kinase bands were mainly phosphorylated on Tyr res-
idues and the 40-kDa phosphoprotein was predomi-
nantly phosphorylated on Ser and Thr residues. The
80- to 85-kDa band is a highly acidic phosphoprotein
(pI 4–5) containing both phosphotyrosines and phos-
phoserines/threonines. It is sensitive to cleavage by
cyanogen bromide and trypsin, and its interaction
with Fyn was disrupted by reducing agents (our un-
published results); this phosphoprotein was found to
be associated with GPI-linked surface receptors and
glycolipids of different cell types by several groups
(Stefanova et al., 1991; Arni et al., 1993; Garnett et al.,
1993; Minoguchi et al., 1994; Marie-Cardine et al., 1997;
Deans et al., 1998), but its identity remains elusive.

We also document the Tyr kinase activity in GPI-
enriched membranes by direct phosphorylation of the
exogenous Tyr kinase substrates enolase and a-casein
(Figure 4C), and preincubation of the GPI-rich vesicles
with genistein markedly reduced phosphorylation of
Lck, Fyn, and the 80- to 85-kDa bands and completely
abolished enolase phosphorylation at 100 mM (Figure

Figure 3. Detergent-induced modulation of kinases activities in
right-side-out and inside-out GPI-enriched membrane vesicles. One
milliliter of the pooled GPI-enriched membrane fractions defined in
Table 1 was immunoselected with anti-Thy-1 (A) or anti-Lck (B)
antibody-coated protein A/G beads. The bound vesicles were
washed in detergent-free buffer and subjected to in vitro kinase
assay with [g-32P]ATP as detailed in MATERIALS AND METH-
ODS. Thy-1-associated kinase activities were revealed after 3 d of
exposure to the film, whereas Lck-associated phosphorylations re-
quired 15 d of exposure.
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4E). Similar results have been obtained with herbimy-
cin as an inhibitor. These results show that GPI-en-
riched membranes contain Tyr and Ser/Thr kinase
activities that are both enhanced by nonionic deter-
gents. The Ser/Thr kinase activity does not seem to
include a conventional PKC, because it was not en-
hanced in the presence of Ca21, phorbol myristate
acetate, and phosphatidylserine (our unpublished re-
sults). The decrease in labeling of the 40-kDa phospho-
protein bands in response to genistein suggests that
the Ser/Thr kinase activity may depend on Tyr phos-
phorylation.

Increase in PTK Activities in GPI-enriched
Membranes by Detergent Does Not Involve
Activation by the Protein-Tyrosine
Phosphatase CD45
CD45 contains a protein-tyrosine phosphatase
(PTPase) activity that dephosphorylates the C-termi-
nal tyrosine residue of Lck (Tyr-505) and consequently
activates Src kinases (Sieh et al., 1993). This raises a
possibility that the added detergents could mediate at
least part of their effects through activation of CD45
and probably other unidentified PTPases in GPI-en-
riched membranes. To test for a possible enhancing
activity of the CD45 and/or other PTPases on Lck and
Fyn kinase activities associated with GPI-enriched
plasma membranes, we measured the kinase activities
in the presence of sodium orthovanadate, a potent
inhibitor of PTPases (Gordon, 1991). Addition of van-
adate alone enhanced the kinase activities at 1 mM
concentration (Figure 5, left panel), and this enhance-

Figure 4. GPI-enriched membranes harbor both Tyr and Ser/Thr
kinase activities. (A) Immunoprecipitation of Lck and Fyn kinases.
After the kinase assay, [32P]ATP on TX-100–isolated, GPI-enriched
membranes (as in Figure 2C, lane 2), phosphorylated proteins were
solubilized in SDS and immunoprecipitated with anti-Lck or anti-Fyn
antibodies. The eluted phosphoproteins were separated by SDS-PAGE
and detected by autoradiography after 4 d of exposure. (B) Base hy-
drolysis of the in vitro–phosphorylated proteins of GPI domains. After
the kinase assay on TX-100–isolated, GPI-enriched membranes, the in
vitro–phosphorylated proteins separated in 5–20% gels were trans-
ferred to a PVDF membrane and exposed to x-ray film for 1 d. Subse-
quently, the membrane was treated with 1 M KOH at 55°C for 1.5 h,
rinsed, and exposed again for 15 d to reveal phosphorylations resistant
to alkaline pH. (C) Phosphorylation of exogenous protein substrates by
PTKs in GPI-enriched membranes. TX-100–treated GPI-enriched
membranes (0.5 ml) were subjected to in vitro kinase assay as in Figure
2C, in the absence or presence of 5 mg of enolase or a-casein. Phospho-
proteins separated in 5–20% gradient gels were revealed by autora-
diography after overnight exposure. Phosphorylated enolase and a-ca-
sein are indicated by solid and open triangles, respectively. (D)
Phosphoamino acid analysis of the major phosphoprotein bands. After
in vitro kinase assay on TX-100–treated GPI-enriched membranes, the
proteins were transferred onto a PVDF membrane and autoradio-
graphed. Labeled bands corresponding to 80- to 85-kDa (lane 1), 56–59
Src kinase region (lane 2), and 40-kDa (lane 3) phosphoproteins were
cut and acid hydrolyzed, and the phosphoamino acids were separated
by TLC as described in MATERIALS AND METHODS. (E) Inhibition
of phosphotransferase activities by genistein. TX-100–treated GPI-en-
riched membranes suspended in kinase buffer were incubated with 100
mM (lane 1) or 10 mM (lane 2) genistein or DMSO vehicle (lane 3) for
15 min at room temperature before the assay.

Figure 5. Detergent-induced enhancement of kinase activities in
GPI-enriched membranes is further augmented by vanadate. Kinase
activities in untreated GPI-enriched membranes from 25 3 106 cells
were measured by in vitro phosphorylation as described in Figure
2C in the presence of indicated concentrations of vanadate without
or with 0.1% TX-100 in the reaction mixture.

Lck and Fyn Activity in Sphingolipid Microdomains

Vol. 10, April 1999 897



ment was further augmented by the presence of 0.1%
TX-100, which alone enhanced the kinase activities
(Figure 5, right panel). Enhancement of phosphoryla-
tion by either vanadate alone or TX-100 plus vanadate
was observed on all protein substrates and showed a
clear dependence on the concentration of vanadate,
indicating that PTPases were active in both untreated
and TX-100–treated GPI-enriched membranes. Had
the CD45 PTPase activity been necessary to activate
PTKs in GPI-enriched membranes treated with TX-
100, inhibition of the PTPases with vanadate should
have resulted in a decrease in PTK activity and not an
increase as observed in Figure 5, right panel. These
results strongly argue against a stimulatory role for
CD45 on the TX-100–induced PTK activity in GPI-
enriched membranes.

PTK Activity in GPI-enriched Membranes Is
Regulated by a Mixed, Noncompetitive Type of
Inhibition
To characterize the regulatory mechanisms operat-
ing on Src family PTKs in GPI-enriched membranes,
the PTK activity in untreated and TX-100 –treated
membranes was measured at varying enolase con-
centrations. The 32P radiolabel incorporated into

enolase was measured, and the values were plotted
against the reciprocal of substrate concentration in a
Lineweaver–Burk plot (Figure 6). The difference in
slopes shows that reaction velocity of PTKs is higher
in TX-100 –treated membranes than in untreated
ones. Furthermore, PTKs in untreated and TX-100 –
treated GPI-enriched membranes apparently differ
in their affinity toward the enolase substrate, as
shown by differences in the intercepts (21/Km). The
observed pattern, with different 1/Vmax values and
the slopes showing a tendency to converge, suggests
that PTKs in untreated GPI-enriched membranes are
regulated by a mixed, noncompetitive type of inhi-
bition, a commonly encountered mode of down-
regulating enzyme activity.

Membrane Lipids Modulate Phosphotransferase
Activity of TX-100–treated GPI-enriched
Membranes
We observed that detergents added directly to the
GPI-enriched membranes enhanced the kinase activi-
ties (Figure 5) only at concentrations above the critical
micellar concentration values (our unpublished re-
sults), suggesting that bilayer lipids may act as regu-
lators in this context. TLC analysis of the lipids (Figure
7) extracted from whole cells (lane 1) and untreated
(lane 2) and TX-100–treated (lane 3) GPI-enriched
membranes was qualitatively similar but showed a
marked enrichment of ceramides in the TX-100–
treated membranes. Although the molar ratios of cer-
amide to cholesterol were 0.73 and 0.64 for total cell
extract and untreated GPI-enriched membranes, re-
spectively, the TX-100–treated membranes had a ratio
of 1.36. The latter membranes also contained propor-
tionally more GlcCer, LacCer, and GM1 and less glyc-
erophospholipids. To investigate whether any partic-
ular membrane lipid species would influence the
activity of Src family PTKs in GPI-enriched membrane
domains, several purified or synthetic membrane lipid
species, including phosphatidylglycerol, phosphatidic
acid, phosphatidylinositol, phosphatidylcholine, phospha-
tidylserine, phosphatidylethanolamine, lysophosphatidyli-
nositol, lysophosphatidylcholine, lysophosphatidylserine,
lysophosphatidylethanolamine, ceramides from brain
tissue, C-2 ceramide, C-8 ceramide, sphingomyelin,
and GM1 ganglioside, were added to kinase reaction
mixtures as mixed TX-100–lipid micelles or in some
cases as sonicated lipid vesicles without any deter-
gent. None of these lipids, over a wide concentration
range, failed to inhibit enolase phosphorylation by
PTKs in TX-100–treated GPI-enriched membranes or
purified Lck (our unpublished results). Because phos-
phoinositides, particularly the phosphatidylinositol
39-kinase (PI3K) product phosphotidylinositol 3,4-
bisphosphate, have been shown to bind Src homology
2 containing proteins, including Lck (Rameh et al.,

Figure 6. Enzyme kinetics of PTK activity in GPI-enriched mem-
branes isolated without or with TX-100. Untreated and TX-100–
treated GPI-enriched membranes equivalent to 25 3 106 cells and
originating from the same cell homogenate were sedimented and
tested for in vitro kinase activity as in Figure 2C. The reaction mix
contained low-specific-activity ATP (3 Ci/mmol) to a final concen-
tration of 100 mM and varying amounts of the exogenous PTK
substrate enolase. Phosphorylated proteins were separated by SDS-
PAGE and autoradiographed. The enolase bands were excised, and
the incorporated radiolabel was quantitated by liquid scintillation
counting as a measure of the velocity of PTK activities. Western
blotting of aliquots of untreated and TX-100–treated GPI-enriched
membranes showed comparable amounts of Lck and Fyn kinases as
in Figure 2B. The data from one of the three separate experiments,
which gave similar results, are shown.
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1995), we investigated whether any of the PI3K prod-
uct could be inhibitory to Src kinases in GPI domains.
Commercially available phosphatidylinositol 3-mono-
phosphate, phosphatidylinositol 3,4-bisphosphate,
phosphatidylinositol 4,5-bisphosphate, and inositol
trisphosphate or PI3K products of brain-derived
polyphosphoinositides did not modulate the PTKs in
TX-100–treated GPI-enriched membranes to any sig-
nificant extent (our unpublished results). However,

only when the untreated membranes with their full
complement of lipids were added to the TX-100–
treated GPI-enriched membranes was the PTK activity
markedly decreased. Reducing the input of untreated
membranes paralleled the progressive restoration of
the kinase activity (Figure 8).

Modulation of PTK Activities by Detergents Reveals
Heterogeneity in the Activation State of Lck and
Fyn Kinases in Distinct Membrane Environments
We have previously reported that a three-step gradi-
ent in the absence of detergent separates the GPI-
containing membranes into 1) a minor fraction of low
density membranes (“light membranes”) highly en-
riched for GPI-anchored proteins and 2) a major frac-
tion of high-density membranes (“heavy mem-
branes”) containing both GPI-anchored proteins and
transmembrane proteins (Arni et al., 1996; Figure 1C).
The low-density light membranes probably represent
the core of the sphingolipid and GPI-rich membrane
domains, and the denser heavy membranes represent
the core plus the surrounding regions where the GPI-
anchored proteins undergo lateral interactions with
transmembrane proteins (Ilangumaran et al., 1997;
Ilangumaran and Hoessli, 1998). For equal amount of
protein, the light membranes contain ;20% of the
amounts of Lck and Fyn kinases contained in heavy

Figure 7. Lipid analysis of untreated and TX-100 –treated GPI-
enriched membranes. Untreated (lane 2) and TX-100 –treated
(lane 3), GPI-enriched membranes pelleted from one gradient
(150 3 106 cells) were suspended in 200 ml of water and extracted
in 4.8 ml of chloroform:methanol:pyridine:water (60:30:1:6 by
vol) at 50°C for 48 h in sealed Pyrex tubes. For comparison total
lipids were extracted from 200 3 106 cells (lane 1). The lipid
extracts were desalted by reverse phase chromatography, applied
to TLC plates (Silica Gel 60), and chromatographed in chloro-
form:methanol:0.22% aqueous CaCl2 (60:35:8 by vol). Lipids were
detected by staining with a solution of phosphomolybdic acid
(2.5%), cerium-IV-tetrahydrate (1%) containing 6% (vol/vol) con-
centrated sulfuric acid, followed by heating (Arni et al., 1996).
Lipids were identified by comparing their migration coefficient
values with those of the standards.

Figure 8. Native GPI domains contain negative regulators of the
associated kinases. Untreated and TX-100–treated GPI-enriched
membranes equivalent to 25 3 106 cells and originating from the
same cell homogenate were sedimented and tested for in vitro
kinase activity as in Figure 2C. The effect of untreated GPI-enriched
membranes was tested directly or at serial fourfold dilution on the
kinase activity of the TX-100–treated GPI-enriched membranes by
mixing both 10 min before the kinase reaction. All the assays were
carried out in the same reaction volume containing 5 mCi of labeled
ATP. Under the same assay conditions, the untreated GPI-enriched
membranes did not contain demonstrable ATPase activity.
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membranes (Arni et al., 1996). Yet, at comparable
amounts of total protein, PTK activities in the light
membranes were significantly higher than in heavy
membranes (Arni et al., 1996; Figure 9). However,
TX-100 resulted in a marked increase in phosphoryla-
tion of several protein substrates in heavy membranes,
with only a marginal effect in light membranes (Figure
9). Treatment by other detergents (OTG and saponin)
or pore-forming toxins (streptolysin-O [SLO] and
a-toxin) caused a small but significant increase in
phosphorylation in light membranes, similarly to TX-
100. In contrast, phosphorylations in heavy mem-
branes were markedly enhanced after TX-100, OTG,
and saponin addition but not after addition of the
pore-forming toxins SLO and a-toxin, suggesting that
PTKs are selectively regulated by membrane constit-
uents that are sensitive to the membrane disruption
caused by nonionic detergents but not to pore-forming
agents. Importantly, physical rearrangement of mem-
branes (breakage and resealing of vesicles) by sonica-
tion had absolutely no effect on the phosphotransfer-
ase activity in either kind of membrane. Collectively,

these results suggest that the activation state and reg-
ulation of PTKs within different local environments
(microdomains) are sensitive to different membrane
perturbants (detergents and pore-forming agents),
emphasizing the importance of the membrane milieu
on the activity of membrane-bound signaling mole-
cules.

DISCUSSION

In lymphocytes, cross-linking the GPI-anchored sur-
face receptors leads to rapid tyrosine phosphorylation
of several intracellular protein substrates, including
the nonreceptor PTKs Lck and Fyn (Hsi et al., 1989;
Thompson et al., 1989), and cellular activation (Fischer
et al., 1990; Korty et al., 1991; Shenoy-Scaria et al., 1992;
Lund-Johansen et al., 1993; Morgan et al., 1993; Rowan
et al., 1994; Stulnig et al., 1997). Signaling through
GPI-anchored receptors is thought to require Src fam-
ily PTKs, because several of them have been copre-
cipitated with GPI-anchored receptors (Stefanova and
Horejsi, 1991; Stefanova et al., 1991; Cinek and Horejsi,
1992; Thomas and Samelson, 1992; Bohuslav et al.,
1993; Garnett et al., 1993; Hatakeyama et al., 1994;
Skubitz et al., 1995). The wealth of reports document-
ing these associations suggested the existence of trans-
membrane mechanism(s) for linking the GPI-anchored
receptors to Src family PTKs, confined respectively to
the outer and inner leaflets of the plasma membrane,
but the precise nature of this interaction remains
largely unresolved (Robinson, 1991; Brown, 1993). Al-
though putative transmembrane connectors have been
identified for Thy-1 (Lehuen et al., 1995) and CD55
(Kuraya and Fujita, 1998), the quest for a transmem-
brane linker to connect GPI-anchored receptors in gen-
eral to intracellular PTKs has not been rewarding.

In recent years it has become apparent that GPI-
anchored proteins are enriched in specialized regions
of the plasma membrane (variously designated glyco-
lipid-enriched membranes [Rodgers and Rose, 1996],
detergent-resistant membranes [Brown and Rose,
1992], Triton X-100–insoluble floating fractions [Kurz-
chalia et al., 1995], sphingolipid “rafts” [Simons and
Ikonen, 1997], and GPI domains [Arni et al., 1996]),
wherein substantial amounts of membrane-associated
Src family PTKs are also included that could account
for the signaling capacity of GPI-anchored receptors.
Mechanisms underlying the targeting of the doubly
acylated PTKs to GPI-enriched membrane domains
have been studied in detail (Shenoy-Scaria et al., 1993;
van’t Hof and Resh, 1997). Whether these membrane
domains also represent a unique site for Src family
PTKs in terms of their regulation (Arni et al., 1996;
Rodgers and Rose, 1996; Kabouridis et al., 1997) is only
beginning to be addressed. In this paper, we show that
Lck and Fyn kinases are differentially regulated in
different plasma membrane environments. In mem-

Figure 9. Kinase actvities in heavy membranes are augmented by
detergents but not by membrane pore-forming agents or sonication.
Aliquots of light and heavy membranes containing 5 mg of total
proteins were assayed for total phosphotransferase activity alone or
in the presence of 0.1% TX-100, 6 mM OTG, 0.1% saponin (Sap), 100
U/ml SLO, or 10 U/ml a-toxin (a-Tox). Another set of aliquots was
sonicated to disrupt the membrane vesicles before initiating the
kinase reaction. Phosphorylated membrane proteins separated by
SDS-PAGE were revealed by autoradiography after overnight ex-
posure.
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brane microdomains containing both GPI-anchored
and transmembrane proteins, the associated PTKs are
down-regulated by a mixed, noncompetitive mecha-
nism of inhibition. This inhibition mechanism is abro-
gated by nonionic detergents, most likely upon dis-
ruption of the membrane structure, and can be
restored by adding back the intact membranes.

The doubly acylated Lck interacts with the plasma
membrane throughout the inner leaflet and does not
require transmembrane CD4 receptor for membrane
localization (Bijlmakers et al., 1997). The Fyn kinase
was shown to rapidly associate with membranes after
synthesis and then to more slowly localize to deter-
gent-resistant membranes (van’t Hof and Resh, 1997).
In resting cells, clustering of PTKs has not been dem-
onstrated in any particular membrane region, but
accumulation of PTKs underneath agonist-induced
clusters of sphingolipid microdomains has been doc-
umented after antibody-mediated cross-linking of
sphingolipid microdomain components (Zisch et al.,
1995; Harder et al., 1998). The submembrane topology
of Lck seems to be important in determining the sig-
naling interactions of the molecule. For instance, Lck
fused with a transmembrane protein can mediate the
early steps of signaling via the T-cell receptor; how-
ever, the later steps in the T-cell receptor signaling
pathway were only carried out by the doubly acylated
Lck bound to the plasma membrane through hydro-
phobic and electrostatic interactions (Kabouridis et al.,
1997). These findings indeed suggest that the hydro-
phobic and electrostatic interaction of Src family PTKs
with the inner leaflet (Murray et al., 1998) could influ-
ence the conformation of the kinase molecule and
thereby affect the modular interactions with substrates
and the catalytic activity. In this study, we provide
evidence for modulation of PTK activity by the local
membrane environment of the kinase in the absence of
agonist- or antibody-induced aggregation of sphingo-
lipid microdomains. The membrane environment in-
fluences both the overall catalytic activity (increased
phosphotransferase activity and enolase tyrosine
phosphorylation) and autophosphorylation (appear-
ance of hyperphosphorylated bands).

Sphingolipid microdomains may be viewed as
sphingolipid- and cholesterol-rich core structures sur-
rounded by a membrane area containing both GPI-
anchored and transmembrane proteins. GPI-anchored
proteins are probably tightly bound to the core sphin-
golipids, and both GPI-anchored proteins and glyco-
sphingolipids can associate with transmembrane re-
ceptors at the periphery of the core sphingolipid
microdomains through lateral, extracellular (integrins;
Petty and Todd, 1996), and intramembraneous (CD44;
Neame et al., 1995) interactions. Upon detergent ex-
traction, the majority of the phospholipids are solubi-
lized, disrupting these lateral interactions to a variable
extent and leaving behind the core of the “detergent-

insoluble” sphingolipid domains, still buoyant in den-
sity gradients (Ilangumaran et al., 1997; Ilangumaran
and Hoessli, 1998). However, under these conditions,
the amount of Lck and Fyn recovered in association
with the sphingolipid domains was not significantly
increased, suggesting that PTKs are not artifactually
included in the detergent-resistant framework after
extraction. Limited amounts of core sphingolipid do-
mains could also be recovered under detergent-free
conditions in a multistep sucrose gradient as light
membranes, which are highly enriched for GPI-an-
chored proteins and deficient in transmembrane pro-
teins. PTKs in the core sphingolipid microdomains
(TX-100–treated GPI-enriched membranes and light
membranes) were considerably more active than PTKs
in sphingolipid microdomains associated with trans-
membrane proteins (untreated GPI-enriched mem-
branes and heavy membranes). The down-regulated
PTKs in the latter were efficiently reactivated by the
TX-100, NP-40, CHAPS, and OTG detergents but not
by the pore-forming a-toxin and SLO toxins, whereas
the optimally active PTKs in the core sphingolipid
microdomains (light membranes) were only mini-
mally perturbed by the detergents or the pore-forming
toxins. This enhancement of PTK activity probably
results from modification of the PTK membrane envi-
ronment by detergents and cannot be attributed to
increased availability of ATP to the kinases, because
neither sonication nor the pore-forming toxins re-
sulted in the kind of enhancement observed after de-
tergent treatment. Moreover, this enhancing effect of
detergents is also observed in the minority of “inside-
out” vesicles that were recovered on solid-phase anti-
Lck, in which the PTKs are directly facing the extrave-
sicular medium.

Adding back the untreated GPI-enriched mem-
branes to the TX-100–treated ones restored the inhibi-
tion of PTK activity in the latter, probably after fusion
of detergent-treated and untreated vesicles. This is,
however, not a space-filling effect of the added lipids,
because many different lipids (phosphoglycerides and
ceramides), added as sonicated lipid vesicles or lipid–
detergent mixed micelles to fully active kinases in
detergent-treated membranes, failed to restore this in-
hibition. Despite the striking effect of nonionic deter-
gents on membrane-bound PTK activity, the enhance-
ment of kinase activity is attributable to the membrane
perturbation induced by the detergent rather than a
direct effect of the detergent on the kinase itself. Inde-
pendently of detergents, membrane fractions of differ-
ent densities and lipid–protein contents exhibit very
distinct levels of PTK activity (light versus heavy
membranes; Arni et al., 1996). This distinction is fur-
ther exemplified by the different responses of light and
heavy membrane PTKs to detergents and pore-form-
ing agents. The membrane environment of PTKs
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therefore appears to be an important regulator of their
catalytic activity.

Src family PTKs are regulated by an intramolecular
interaction between the Src homology 2 domain and
the C-terminal phosphotyrosine residue that locks the
kinase in an inactive conformation (Cooper and How-
ell, 1993). Dephosphorylation of this regulatory ty-
rosine by PTPases such as CD45 relieves this repres-
sion (Mustelin et al., 1989). Enhancement of the PTK
activities associated with GPI-enriched membranes by
PTPase inhibitor sodium orthovanadate strongly sug-
gests that Lck and Fyn PTKs residing in sphingolipid
microdomains are neither in a “locked,” inactive con-
formation (Sieh et al., 1993) nor activated by the
PTPase CD45 at the periphery of the microdomains, as
proposed earlier (Rodgers and Rose, 1996). Actually,
when the association of CD45 with detergent-resistant
membranes was diminished by TX-100, NP-40, CHAPS,
or OTG, we observed an increase, rather than a decrease,
in PTK activity, strongly suggesting that removal of
CD45 from membranes does not compromise PTK ac-
tivity. Src family PTKs can also be activated by allosteric
mechanisms that disrupt the intramolecular modular
interactions (Moarefi et al., 1997; Williams et al., 1998),
which “open” the kinase from the locked conformation
without dephosphorylating the C-terminal Tyr-505
(Hardwick and Sefton, 1997). In addition, the locked
conformation of the Src kinases is not static, because
intermittent opening and closing mediated by allosteric
mechanisms is believed to allow transient activation
(“breathing”) of the kinase (Cooper and Howell, 1993).
Recent evidence showing simultaneous phosphorylation
of the regulatory and activation domain Tyr residues on
the same Lck molecule support this notion (Hardwick
and Sefton, 1997). In fact, PTKs in untreated GPI-
enriched membranes appear to be modulated by novel
regulatory mechanisms. Despite the complexity of the
experimental system involving at least two PTKs and
several substrates, our kinetic data suggest that PTKs in
untreated GPI-enriched membranes are down-regulated
by a mixed, noncompetitive type of inhibition. In this
situation, a negative regulator influences both Vmax and
Km through binding to a site distinct from the active site
and allosterically modifies the substrate binding. The
kinetic difference in PTK activity observed between un-
treated and TX-100–treated GPI-enriched membranes is
likely to be encountered when the enzyme:inhibitor dis-
sociation constant (KI 5 [E][I]/[EI]) is greater than that of
the enzyme-substrate:inhibitor (K9I 5 [ES][I]/[ESI]), i.e.,
when the affinity of the inhibitor for the enzyme alone is
less than for the enzyme–substrate complex. This would
suggest that in untreated GPI-enriched membranes the
Lck and Fyn kinases are in the activated state forming
complexes with their substrates, and that inhibition of
their activity is brought about by regulatory mechanisms
acting on protein domains outside the catalytic site of the
enzyme. This regulatory input, which is perturbed by

detergents, appears to be dependent on the specialized
lipid environment of the GPI-rich membrane domains
rather than any single membrane constituent.

Based on these results, we propose a model in which
the PTKs associated with GPI-enriched core sphingo-
lipid microdomains are catalytically active, but those
interacting with the glycerophospholipid-rich sur-
roundings are down-modulated by regulatory inputs
probably acting on the modular, noncatalytic domains
of the kinases. Within the core of sphingolipid mi-
crodomains the detergent-resistant membrane envi-
ronment rich in glycosphingolipids and GPI-anchored
receptors appears to promote both optimal conditions
for high PTK activity and a close interaction of PTKs
with other membrane protein substrates (i.e. with the
80-kDa phosphoprotein), whereas in membrane envi-
ronments of a less restricted composition (i.e., the
sphingolipid microdomains abutting the glycerophos-
pholipid-rich membrane region), PTKs become liable
to many more regulatory inputs. The removal of trans-
membrane proteins and glycerophospholipids by non-
ionic detergents apparently relieves PTKs from those
regulatory inputs and restores a membrane environ-
ment that resembles that of core sphingolipid mi-
crodomains. Cross-linking of the surface GPI-linked
receptors or gangliosides would also lead to coales-
cence of the sphingolipid domains and presumably
reduces the quantum of external regulatory inputs,
resulting in the reactivation of the sphingolipid do-
main–associated PTKs.

Transmembrane receptors that interact with sphin-
golipid microdomains may also acquire signaling
competence from the microdomains, as it was shown
for the FceRI receptor (Field et al., 1995; Stauffer and
Meyer, 1997), CD44 (Ilangumaran et al., 1998), and
CD20 (Deans et al., 1998). Although the association of
the GPI-anchored proteins with sphingolipid mi-
crodomains is thought to arise from the interaction of
GPI anchor acyl chains with glycosphingolipids, the
nature of interaction of the transmembrane proteins
with sphingolipid domains is less clear. The CD44
transmembrane domain seems to confer the capacity
to associate with detergent-resistant membrane do-
mains, because swapping of the transmembrane domain
abolished this capacity (Neame et al., 1995). For other
transmembrane proteins, the mechanisms of association
with sphingolipid domains have not yet been defined,
but the possibility of extracellular interactions with gan-
gliosides or GPIanchored receptors such as those re-
ported for integrins (Petty and Todd, 1996) could be
envisaged. Cross-linking these transmembrane receptors
would then cross-link the sphingolipid microdomains
and signal via the active Src family kinases present at the
inner face of such remodeled domains. Such dependence
of the T-cell receptor pathway on the integrity of sphin-
golipid microdomains was documented in several recent
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studies (Romagnoli and Bron, 1997; Montixi et al., 1998;
Xavier et al., 1998).

Our results lend support to the view that PTKs
associated with sphingolipid microdomains indeed
represent a unique pool of signaling molecules that
are controlled by the microdomain structure of the
bilayer. Mechanisms underlying the higher activity of
Src family PTKs within the core sphingolipid domains
and the nature of the inhibition exerted on kinases
outside microdomains require further definition. Like-
wise, how the microdomain-associated pool of kinases
is linked to physiological means of cellular stimulation
will have to be studied specifically in each of the
different systems in which GPI-anchored receptors
and transmembrane proteins interacting with the mi-
crodomains are implicated in cellular activation.
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